Current sheet is believed to be the region of energy dissipation via magnetic reconnection in solar flares. However, its properties, for example, the dynamic process, have not been fully understood. Here we report a current sheet in a solar flare (SOL2017-09-10T16:06) that was clearly observed by the Atmospheric Imaging Assembly on board the Solar Dynamics Observatory as well as the EUV Imaging Spectrometer on Hinode. The high-resolution imaging and spectroscopic observations show that the current sheet is mainly visible in high temperature (>10 MK) passbands, particularly in the Fe xxiv 192.03Å line with a formation temperature of ∼18 MK. The hot Fe xxiv 192.03Å line exhibits very large nonthermal velocities up to 200 km s −1 in the current sheet, suggesting that turbulent motions exist there. The largest turbulent velocity occurs at the edge of the current sheet, with some offset with the strongest line intensity. At the central part of the current sheet, the turbulent velocity is negatively correlated with the line intensity. From the line emission and turbulent features we obtain a thickness in the range of 7-11 Mm for the current sheet. These results suggest that the current sheet has internal fine and dynamic structures that may help the magnetic reconnection within it proceeds efficiently.
Introduction
Solar flares are one of the most energetic events in the solar atmosphere, which are often accompanied by coronal mass ejections (CMEs) (see a recent review by Schmieder et al. 2015) . In the standard flare/CME model, a magnetic flux rope (MFR) suffering loss of equilibrium rises and stretches a thin and long-extended current sheet that connects the overlying MFR (or CME) and the flare loops underneath (Lin & Forbes 2000; Linker et al. 2003) . The current sheet is believed to be the energy dissipation region, where magnetic reconnection takes place powering the flare and accelerating the CME (e.g., Priest & Forbes 2002) .
Directly observing the current sheet in solar eruptions is very difficult because of its tenuous emission and narrow width or thickness (Lin et al. 2015) . Nevertheless, some imaging and also spectroscopic observations have revealed the evidence of current sheet. Webb et al. (2003) found a set of ray-like structures form under the CME and regarded as signatures of the current sheet in white light. Ko et al. (2003) and Lin et al. (2005) interpreted the thin streamers above a cusp structure as the current sheet formed behind the CME. Recently, using the high-resolution EUV images from the Atmospheric Imaging Assembly (AIA; Lemen et al. 2012 ) on board the Solar Dynamics Observatory (SDO), some current-sheetassociated structures were observed as rays when viewed edge on or as fans when viewed face on (Reeves & Golub 2011; Warren et al. 2011; Savage et al. 2012; McKenzie 2013) . In addition, using the Ultraviolet Coronagraph Spectrometer (UVCS) on the Solar and Heliospheric Observatory (SOHO), Ciaravella et al. (2002) detected a narrow bright feature between CME core and flare arcades at a heliocentric distance of 1.5 R ⊙ in the hot Fe xviii 974Å line and suggested that the bright feature could be the region where the reconnecting current sheet was located. Some samples of bright rays detected in the UVCS spectra also support these narrow bright features as current sheets (Ciaravella et al. 2013 ).
The physical and dynamical properties of current sheets were investigated in the past twenty years. For example, the temperature inside the current sheet was measured to be a few MK based on the line ratio technique (Ciaravella et al. 2002; Ko et al. 2003; Bemporad et al. 2006; Ciaravella & Raymond 2008) . From the line broadening, nonthermal velocities in the current sheet can be measured. Ciaravella et al. (2002) obtained nonthermal velocities of 60 km s −1 in the Fe xviii line that were interpreted as turbulent motions in the current sheet. Bemporad (2008) also derived turbulent velocities of the order of ∼60 km s −1 in the Fe xviii line, which slowly decayed down to ∼30 km s −1 subsequently. Moreover, nonthermal velocities of 30-200 km s −1 were detected in the current sheet, also indicative of the presence of turbulence (Ciaravella & Raymond 2008; Susino et al. 2013; Doschek et al. 2014) .
Thickness of the current sheet is another important parameter, which may reflect the property of dynamics in the current sheet. Adopting the full width at half-maximum (FWHM) of the Fe xviii emission profile along the UVCS slit as the thickness of current sheet, Ciaravella & Raymond (2008) found that the apparent thickness changed from 140 to 70 Mm during the eruption, which was similar to the ones in some other events also observed by UVCS (Ciaravella et al. 2002; Ko et al. 2003) . Using the Large Angle and Spectrometric Coronagraph (LASCO) on board SOHO, Lin et al. (2009) inferred the thickness of current sheet increasing from 50 to 450 Mm in one event and from 100 to 750 Mm in another event. Moreover, Savage et al. (2010) reported an average thickness of 4-5 Mm for the candidate current sheet using the images from Hinode's X-ray Telescope, which was similar to the results obtained from AIA images (Seaton et al. 2017) . Note that all these thickness values of current sheets are much greater than the theoretical value of only tens of meters (Litvinenko 1996; Wood & Neukirch 2005) .
In this Letter, we present excellent spectroscopic observations of a current sheet from the EUV Imaging Spectrometer (EIS; Culhane et al. 2007) on Hinode. The current sheet is clearly visible in the Fe xxiv 192.03Å line with a formation temperature of ∼18 MK. The hot Fe xxiv line exhibits very large nonthermal velocities up to 200 km s −1 in the current sheet, indicative of the presence of turbulence. The largest turbulent velocity is located at the edge of the current sheet and is not cospatial with the greatest line intensity. From the line emission and turbulent features, we obtain a thickness of 7-11 Mm for the current sheet. These results can help understand the nature of the current sheet and the physical processes that occur inside the current sheet.
Observations and Data Reduction
The event presented here is a GOES X8.2 flare that occurred at the west limb on 2017 September 10. The flare started at 15:35 UT and peaked at 16:06 UT (Figure 1(a) ). In this flare, a bubble-like structure (probably an MFR) showed up at ∼15:50 UT (left panels in Figure 1 (b)) and rose higher and higher over time. Behind it, a linear bright feature was stretched out, which is most likely a current sheet when viewed edge on, as stated in the standard flare/CME model. The long thin current sheet structure (see the magenta box in Figure 1 (b)) was well observed by SDO/AIA as well as Hinode/EIS especially at its early evolutionary stage.
AIA observes EUV images with a high spatial resolution of 1.
′′ 2 (or 0. ′′ 6 pixel −1 ) and a cadence of 12 s. The EUV channels include 193Å (with emissions at ∼18 and ∼1.6 MK), 131Å (∼11 and ∼0.4 MK), 94Å (∼7.1 and ∼1.1 MK), 335Å (∼2.5 MK), 211Å (∼2.0 MK), and 171Å (∼0.6 MK). In this event, the long thin current sheet is more clearly visible in the 193 and 131Å passbands compared with the other channels (Figure 1(b) ), implying that the current sheet has a high-temperature (>10 MK) emission. The differential emission measure (DEM) analysis of the same event also reveals that the temperature in the current sheet is ∼20 MK (Cheng et al. 2017; Warren et al. 2017 ).
EIS obtains EUV spectra (∼170-210Å and ∼250-290Å) with a spectral resolution of 0.0223Å pixel −1 . The data are corrected for dark current, hot pixels, and cosmic-ray hits via the standard EIS routine, yielding a physical unit in the line intensity. For this flare, EIS started a scan-mode observation before the flare onset, which lasted until 16:53 UT (see the short vertical lines in Figure 1(a) ). The 2 ′′ slit was used to scan an area of 240 ′′ ×304 ′′ with a step of 3 ′′ in the X direction and a scale of 1 ′′ in the Y direction. The cadence for each run is ∼9 minutes.
EIS observed the flare in tens of spectral lines with a wide temperature range of 0.2-18 MK. The current sheet structure is mainly visible in the hottest Fe xxiv 192.03Å line (∼18 MK) (Figure 2(a) ), which is consistent with AIA observations. So we focus on this line in the present study. Note that the Fe xxiv 192.03Å line is blended with the Fe xi 192.02 A line (∼1.2 MK). However, the line blending can be safely ignored in this flare especially for the current sheet region by two reasons. (1) A emission in the current sheet region. In addition, a relatively cooler line of Fe xxiii 263.76 A (∼14 MK) is used to determine the lower end of the current sheet (i.e., the cusp tip). Here we assume that the current sheet itself could only appear in the Fe xxiv line while the cusp (or outflowing region) could be seen in both of the Fe xxiv and Fe xxiii lines (see the line profiles in Figure 2(b) ). This seems to be reasonable since the current sheet itself has a relatively lower density and a more uniform thickness compared with the cusp. Thus, the lower end of the current sheet is estimated to be located at a height of ∼75 Mm, i.e., the left boundary of the magenta box as plotted in Figures 1-3 . Note that the height of the lower end might be underestimated, but it should not affect our results substantially.
We use a single Gaussian function to fit the Fe xxiv line profiles. From Figure 2(b) , it is seen that the fitting curves match the observed profiles very well. When calculating the nonthermal velocity, we subtract the instrumental width of EIS (0.056Å) and the thermal width at 18 MK (73 km s −1 ) from the Fe xxiv line broadening. We also use the temperature derived from DEM analysis and find a quite similar result for the nonthermal velocity.
Results

Spatio-temporal Variations of Line Intensity and Nonthermal Velocity
Figure 3 shows spatial and temporal variations of the line intensity and nonthermal velocity of Fe xxiv around the current sheet region. It is seen that the current sheet has very large nonthermal velocities (>150 km s −1 ), especially during an early period of 16:09-16:17 UT when its emission was clearly visible in the EIS field-of-view. The nonthermal velocities in the current sheet are obviously larger than the ones (∼100 km s −1 ) at the cusp whose line intensities are relatively stronger. As the flare evolves, the nonthermal velocity in the current sheet decreases to 100 km s −1 or below but is still larger than that in the surrounding region, and the line intensity there seems to decrease as well. In addition, we can see that the current sheet has a movement toward the south. Figures 4(a) and (b) give histograms of the line intensity and nonthermal velocity of Fe xxiv within the magenta box marked in Figure 3 for different periods. One can clearly see the decay of nonthermal velocity from >100 km s −1 to tens of km s −1 and also a decrease in the line intensity.
From Figure 3 , we also find that the largest nonthermal velocity is not cospatial with the strongest line intensity. It seems that most of the large nonthermal velocities are located at the edge of the current sheet rather than its central part. Here we use two straight lines, one tracking the axis of the current sheet with strong intensities (the cyan dashed-dotted line), and the other tracing some large nonthermal velocities at the edge of the current sheet (the green dotted line). The relationship between nonthermal velocity and line intensity at these locations is given in Figures 4(c) -(h). It is seen that a complex relationship exists. During the first four periods, the nonthermal velocity along the axis of the current sheet increases while the intensity decreases, with a correlation coefficient in the range between −0.61 and −0.88. In the last period, as well as for the case at the edge of the current sheet, there appears no good relationship between the nonthermal velocity and line intensity, with a correlation coefficient less than 0.5.
Thickness of the Current Sheet Based on Line Intensity and Nonthermal Velocity Features
The standard definition of the current sheet thickness is the FWHM of the current density distribution in the direction perpendicular to the axis of the current sheet, which is actually hard to be measured in observations (Lin et al. 2015) . So an easier way or approximate method is using the brightness feature to determine the current sheet thickness. However, a thermal halo effect (Yokoyama & Shibata 1997; Seaton & Forbes 2009) or a thick plasma sheet (Liu et al. 2009; Song et al. 2012 ) surrounding the current sheet may affect the measurement of thickness. Here we use the line emission combined with nonthermal velocity features to derive the thickness of the current sheet. Figure 5 shows the Fe xxiv line intensity and nonthermal velocity distributions in the direction perpendicular to the axis of the current sheet (i.e., along the three vertical slices marked in Figure 3 ; at the heights of 115-132 Mm). Here we use a Gaussian function to fit the average profile and then adopt the FWHM as the current sheet thickness. It is seen that the thickness firstly decreases from 8.4 to 6.9 Mm and then increases to 9.6 Mm according to the emission feature. While the thickness derived from the nonthermal velocity feature is around 10 or 11 Mm at all times, which is slightly larger than the emission thickness. Note that the current sheet shows a clear isolation from the surrounding region in the emission profiles; while the nonthermal velocity profiles display some fluctuations or even small bumps around the current sheet particularly at late times, which might be related to plasma inflowing motions toward the current sheet or just caused by some noise because of low intensity in the Fe xxiv line.
Summary and Discussions
Using the high-resolution spectroscopic observations from Hinode/EIS, we have presented the spatio-temporal variations of the line intensity and nonthermal velocity of Fe xxiv for the edge-on current sheet in an X8.2 flare. The long thin current sheet shows very large nonthermal velocities up to 200 km s −1 at its early evolutionary stage. As the flare evolves, the nonthermal velocity in the current sheet decays to tens of km s −1 . The largest nonthermal velocity occurs at the edge of the current sheet, which is not cospatial with the greatest line intensity at the central part. Along the axis of the current sheet, the nonthermal velocity is negatively correlated with the line intensity in general. From the line intensity combined with nonthermal velocity distributions, we obtain a thickness in the range of 7-11 Mm for the current sheet.
We note that Warren et al. (2017) also analyzed the same event using the EIS spectroscopic data. However, there are some differences between our study and theirs, both of which can supplement each other for the current sheet topic. (1) We focus on the relationship of nonthermal velocity and line intensity in the current sheet; and they studied the nonthermal velocity and in particular, the temperature of the current sheet. (2) We concentrate on the current sheet itself, i.e., extending to the higher corona with a heigh of >110 Mm; and they studied the current sheet mostly close to the cusp region. (3) They discussed their results in terms of plasma heating of the flare; and our results may provide some information on the nature of the current sheet and the physical processes that occur inside the current sheet. The latter issue is discussed in the following.
Very large nonthermal velocities (>150 km s −1 ) are detected in the current sheet, which are even greater than the values in the cusp region. This suggests that strong turbulence exists in the diffusion region (Ciaravella et al. 2002; Ciaravella & Raymond 2008; Bemporad 2008; Susino et al. 2013; Doschek et al. 2014 ). The turbulence is likely caused by plasma instabilities and/or by Petschek-type reconnection (e.g., Lin et al. 2009 Lin et al. , 2015 , with the magnetic energy cascading to small scales and various magnetic islands formed (McKenzie 2013) . It should be mentioned that Cheng et al. (2017) analyzed the same event and observed intermittent sunward outflow jets and anti-sunward blobs along the current sheet. All these are consistent with magnetic islands of different sizes being present, and small-scale magnetic reconnection possibly occurring inside the current sheet. This should help the magnetic energy dissipate more efficiently.
We check the relationship between the turbulent motion and the hot emission of the current sheet. First, the turbulent velocity has a negative correlation with the line intensity at the central part of the current sheet, which seems to be also implied from the EIS observations in Doschek et al. (2014) . Second, the largest turbulent velocity is not cospatial with the greatest intensity but is found at the edge of the current sheet where the plasma is flowing into the current sheet. These may imply that the current sheet has internal fine structures, some of which contribute to large emission measure and some others to strong turbulence. The fine structures may exist in the form of magnetic islands that are in different radiative and dynamic phases. In fact, the difference in the spatial distributions of the line emission and turbulent motion in the current sheet seems not to be reported before. This is worth being investigated in more events as well as in numerical simulations in the future.
The thickness of current sheet, together with the correct approaches of measuring it, is still an important topic (Lin et al. 2015) . Thanks to the high spatio-temporal resolution spectroscopic observations from EIS, we can obtain the current sheet thickness using the line emission as well as turbulent features. The derived thickness values (7) (8) (9) (10) (11) are in the range of the apparent values observed before and also way beyond the range expected by the traditional reconnection theory. However, our results imply that the cascading process reflected by strong turbulent motions may be crucial for accelerating the magnetic reconnection (McKenzie 2013; Lin et al. 2015) , and that fast magnetic reconnection could proceed in such a thick current sheet in solar eruptions. The vertical dotted line represents the line center. Note that the preflare Fe xxiv profile (gray) at the location marked by diamond is multiplied by 10. It is seen that no obvious Fe xxiii emission appears at the location marked by asterisk.
